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Microorganisms are known to participate in the weathering of primary phyllosilicate minerals through the production of or-
ganic ligands and acids and through the uptake of products of weathering. Here we show that the lithotrophic Fe(II)-oxidizing,
nitrate-reducing enrichment culture described by Straub et al. (K. L. Straub, M. Benz, B. Schink, and F. Widdel, Appl. Environ.
Microbiol. 62:1458 –1460, 1996) can grow via oxidation of structural Fe(II) in biotite, a Fe(II)-rich trioctahedral mica found in
granitic rocks. Oxidation of silt/clay-sized biotite particles was detected by a decrease in extractable Fe(II) content and simulta-
neous nitrate reduction. Mössbauer spectroscopy confirmed structural Fe(II) oxidation. Approximately 1.5 � 107 cells were pro-
duced per �mol of Fe(II) oxidized, in agreement with previous estimates of the growth yield of lithoautotrophic circumneu-
tral-pH Fe(II)-oxidizing bacteria. Microbial oxidation of structural Fe(II) resulted in biotite alterations similar to those found in
nature, including a decrease in the unit cell b dimension toward dioctahedral levels and Fe and K release. Structural Fe(II) oxida-
tion may involve either direct enzymatic oxidation, followed by solid-state mineral transformation, or indirect oxidation as a
result of the formation of aqueous Fe, followed by electron transfer from Fe(II) in the mineral to Fe(III) in solution. Although it
is not possible to distinguish between these two mechanisms with available data, the complete absence of aqueous Fe in oxida-
tion experiments favors the former alternative. The demonstration of microbial oxidation of structural Fe(II) suggests that mi-
croorganisms are directly responsible for the initial step in the weathering of biotite in granitic aquifers and the plant
rhizosphere.

Microbial populations below the Earth’s surface constitute a
substantial portion of the Earth biosphere (36) and could

potentially exert a significant influence on global geochemistry,
including the weathering of primary minerals in the Earth’s crust.
Two dominant rocks in the Earth’s crust, basalt and granite, con-
tain ferrous iron [Fe(II)] that could serve as an energy source for
microorganisms that gain energy from lithotrophic metabolism.
Basaltic rocks are found primarily in the oceanic crust, and the
importance of the Fe(II) derived from the dissolution of basaltic
glass for lithoautotrophic microbial biomass production has been
postulated (2) and studied in detail (25).

Biotite, a Fe(II)-rich trioctahedral mica, is the main source of
structural Fe(II) in granitic rocks and accounts for a significant
fraction of the exposed continental crust surface (18). Biotite
weathering is a source of K for plant nutrition and a major source
of Fe and Mg in groundwater (5). At circumneutral pH, biotite
weathering involves the oxidation of structural Fe(II) and the ex-
change of interlayer K for ions in the external solution, while at
acidic pH it proceeds through incongruent dissolution (37). The
known modes of microbial mediation of biotite weathering in-
clude the production of acids and ligands and cation uptake,
which together promote mineral dissolution subsequent to the
oxidation of structural Fe(II) (29). However, to date, the ability of
microorganisms to participate in the initial step of biotite weath-
ering, i.e., structural Fe(II) oxidation, has not been evaluated. The
only three silicate minerals demonstrated to date to serve as Fe(II)
sources for microbial Fe(II) oxidation at near-neutral pH are the
nesosilicates almandine and strautolite (11) and the secondary
phyllosilicate smectite (27).

In this study, we examined the potential of the structural
Fe(II) in biotite to support the metabolism of lithotrophic mi-
croorganisms. The experiments were carried out with a robust
lithoautotrophic Fe(II)-oxidizing, nitrate-reducing enrichment

culture described by Straub et al. (31). This culture (referred to
here as the Straub culture) is dominated by a betaproteobacterium
94 to 95% similar in 16S rRNA gene sequence to the known neu-
trophilic, chemolithoautotrophic Fe(II)-oxidizing organisms
“Sideroxydans lithotrophicus” strain ES-1 and Gallionella ferrug-
inea (7). The Straub culture is capable of aqueous Fe(II) oxidation
coupled to the reduction of nitrate to N2, with CO2 serving as the
sole source of carbon (7, 31). This culture can also oxidize solid-
phase Fe(II)-bearing minerals such as siderite and magnetite (33).
Unlike other members of the family Gallionellaceae, the Straub
culture prefers nitrate rather than oxygen as the electron acceptor.

MATERIALS AND METHODS
Biotite. Biotite from Bancroft, Ontario, Canada (Ward Scientific, 46-
1190), or Murray Bay, Quebec, Canada (University of Wisconsin collec-
tion 8131), was used in microbial biotite oxidation experiments. The
composition of the biotite specimen was determined with a Cameca SX51
electron microprobe with mineral standards. The oxidation state of Fe in
Bancroft biotite was calculated based on the Mössbauer spectrum. The
biotite from Bancroft biotite contained 16.29% FeO and had a composi-
tion of (K0.980, Na0.025) (Fe2�0.996, Fe3�0.222, Mg1.663, Ti0.117) (Si3.048, Al0.812,
Ti0.140) O10 (OH1.02, F0.98). The biotite from Murray Bay contained
18.32% FeO and had a composition of (K0.949, Na0.028) (Fe1.254, Mg0.733,
Mn0.010, Al0.559, Ti0.131) (Si2.826, Al1.174) O10 (OH)2.

Large crystals of biotite were ground in a ceramic mortar and then
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sieved to yield flakes with a particle size below 45 �m. Biotite flakes with a
particle size below 45 �m were used to obtain a detailed growth curve (see
Fig. 3). The �5-�m-size fraction was separated from the coarser mineral
grains by centrifugation and decantation. The settling time for the �5-
�m-size fraction was calculated for a particle density of 3.1 g/cm3 using
Stokes’ law. Biotite stock suspensions were prepared by adding biotite
particles to distilled water at a concentration 15 to 20 g/liter, bubbling with
N2, and sterilization by autoclaving. Biotite flakes with a particle size be-
low 5 �m were used for all experiments except a detailed microbial growth
experiment on Bancroft biotite (see Fig. 3). The volume of biotite stock
suspension added to the medium was adjusted in order to provide 1.5 to 7
mmol/liter 0.5 M HCl-extractable Fe(II).

Microbial culture. The Straub culture was provided by K. L. Straub to
E. E. Roden in 1998 for use in studies of nitrate-dependent oxidation of
solid-phase Fe(II) compounds (33) and has been maintained in the Roden
laboratory since that time. Strict anaerobic techniques were used through-
out. An anoxic bicarbonate-buffered medium with a final pH of 6.8 con-
tained (g/liter) NaHCO3 (2.5), NH4Cl (0.25), and NaH2PO4 · H2O (0.06).
Medium was dispensed into 25-ml pressure tubes under N2-CO2 (80:20).
The tubes were capped with butyl rubber stoppers and sterilized by auto-
claving. The culture was maintained on medium containing 10 mM sol-
uble Fe(II) (FeCl2) and 5 mM nitrate. No reducing agent was used. In all
of the experiments reported here (except controls with no electron do-
nor), biotite was used as the sole electron donor source with 5 mM nitrate
as the electron acceptor. Biotite cultures were inoculated with a portion
(5%, vol/vol) of a freshly grown FeCl2/nitrate culture in which �95%
Fe(II) oxidation had taken place.

Analytical techniques. All sampling of cultures was performed using
sterile anoxic techniques. In all experiments but that in which a detailed

growth curve was determined (see Fig. 3), oxidation of Fe(II) in biotite
was monitored by determining changes in the amount of Fe(II) released
after 12 h of extraction of whole culture samples (biotite, cells, and solu-
tion) with 0.5 M HCl, followed by Fe(II) analysis using ferrozine (16). In
the experiment presented in Fig. 3, the sample was centrifuged in the
anaerobic chamber to separate the liquid and solid phases. Centrifugation
and removal of the supernatant were necessary to avoid potential Fe(II)
oxidation by biogenic nitrite under acidic conditions during HCl extrac-
tion. The liquid-phase sample was analyzed for nitrate, nitrite, Fe, and K.
The solid-phase sample was analyzed for 0.5 M HCl-extractable and HF-
extractable Fe. Unfortunately, neither 0.5 M HCl nor hydrofluoric acid
extraction, followed by Fe(II) analysis using 1,10-phenanthroline analysis
(32), completely recovered the total Fe(II) content of the biotite. How-
ever, both extraction procedures provide a suitable means to quantify
microbial Fe(II) oxidation, and parallel analyses of culture samples by
both methods gave comparable results (see Fig. 3). The total Fe content of
the biotite was determined after dissolution in 29 M HF. Aqueous Fe and
K were measured by inductively coupled plasma (ICP) analysis. Aqueous
samples were acidified to prevent Fe loss from the solution. Nitrate and
nitrite concentrations were measured by ion chromatography. Cells were
counted with 4=,6-diamidino-2-phenylindole (DAPI) staining and epiflu-
orescence microscopy (15).

TEM. Transmission electron microscopy (TEM) analyses were carried
out with microbially oxidized and control biotite at the final time point
(14 days) of the experiment shown in Fig. 3 using an FEI Titan 80-200
aberration-corrected scanning/transmission electron microscope associ-
ated with an EDAX AMETEK high-resolution energy-dispersive X-ray
spectroscopy (EDS) detector and a Gatan image-filtering system and op-
erated at 200 kV. The samples were mixed with distilled water and ultra-

FIG 1 Growth and metabolism of the Straub culture with Bancroft (A) or Murray (B) biotite as the electron donor and nitrate as the electron acceptor. The
results are the means of triplicate cultures.
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sonicated for �3 min. A drop of the resulting suspension was placed on a
lacey-carbon-coated Cu grid and air dried.

XRD. X-ray diffraction (XRD) analyses were carried out with micro-
bially oxidized and control biotite at the final time point (14 days) of the
experiment shown in Fig. 3 using a Rigaku Rapid II X-ray diffraction
system with a two-dimensional image plate (Mo K-alpha radiation). Dif-
fraction data were collected on an image plate detector. The two-dimen-
sional images were then integrated to produce conventional 2-theta in-
tensity patterns using Rigaku’s 2DP software. The instrument used an
accelerating voltage of 50 kV, a current of 50 mA, an exposure time of 15
min, and a 0.1-mm-diameter collimator. Biotite particles were mixed with
a small amount of distilled water, and the resulting paste was mounted on
the end of a glass fiber and air dried.

Mössbauer spectroscopy. 57Fe transmission Mössbauer spectroscopy
was employed to characterize the Fe mineralogy of the microbially oxi-
dized and control (unoxidized) biotite at the final time point (14 days) of
the experiment shown in Fig. 3. Mössbauer spectra were collected at var-
ious temperatures, from room temperature to liquid helium temperature,
using a 75-mCi (initial strength) 57Co/Rh source. The velocity transducer
used (MVT-1000; WissEL) was operated in a constant-acceleration mode
(23 Hz, �12 mm/s). An Ar-Kr proportional counter was used to detect
the radiation transmitted through the holder. Data were folded to give a
flat background and a zero-velocity position corresponding to the center
shift of a metal Fe foil at room temperature. Calibration spectra were
obtained with a 25-�m-thick Fe(m) foil (Amersham, Amersham, Eng-
land). The Mössbauer data were modeled with Recoil software (Univer-
sity of Ottawa, Ottawa, Ontario, Canada) (22). Although thickness cor-
rection of the samples was not carried out, identical experimental
conditions (e.g., Lorentzian half width at half maximum, 0.1 mm/s) and
sample amounts (100 mg in a sample holder with a 0.5-inch outside di-
ameter) were used to obtain optimal comparison of the microbially oxi-
dized and control samples.

RESULTS AND DISCUSSION
Fe(II) oxidation in biotite. The ability of the Straub culture to
grow by oxidation of Fe(II) in biotite was first examined with two
biotite specimens of different chemical compositions, including
Bancroft biotite and Murray biotite (Fig. 1). Growth of the culture
in anaerobic, nitrate-amended fine silt/clay-sized biotite slurries
resulted in a decrease in Fe(II) content and simultaneous nitrate
consumption. Growth ceased after 9 days of incubation when ca.
5% of the total Fe(II) content of the biotite was oxidized. In the
slurry of Bancroft biotite, oxidation of 0.89 mmol/liter of 0.5 M
HCl-extractable Fe(II) resulted in the reduction of 0.16 mM ni-
trate and the production of 1.24 � 107 cells/ml. In the slurry of
Murray biotite, oxidation of 3.61 mmol/liter of 0.5 M HCl-ex-
tractable Fe(II) resulted in the reduction of 0.44 mM nitrate and
the production of 2.56 � 107 cells/ml. These data correspond to
ratios of 0.18 and 0.12 mol of nitrate consumed per mol of Fe(II)
oxidized, lower than the ratio of 0.2 expected for the denitrifica-
tion-based metabolism of this culture (7, 31). This result may be
explained by the partial sorption of nitrate to biotite surfaces (6).
The cell yield was 1.4 � 107 cells per �mol of Fe(II) oxidized in
both experiments. No Fe(II) loss or nitrate consumption was ob-
served in control slurries without microorganisms.

More detailed studies linking microbial Fe(II) oxidation to
mineralogical changes were performed with Bancroft biotite. The
Straub culture was able to repeatedly (three consecutive culture
generations) oxidize Fe(II) in a suspension of Bancroft biotite
with nitrate as the electron acceptor but not in the presence of
oxygen or when no electron acceptor was added. (Fig. 2A to C).
There was no noticeable Fe(II) oxidation in mineral suspensions

FIG 2 Changes in 0.5 M HCl-extractable Fe(II) content during multiple generations of the Straub culture. Arrows designate 10% transfer of the culture into fresh
medium. (A) Bancroft biotite and nitrate; (B) Bancroft biotite and oxygen; (C) Bancroft biotite with no added electron acceptor; (D) sterile (uninoculated)
medium with Bancroft biotite and nitrate or oxygen.
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lacking the culture (Fig. 2D). A detailed growth experiment was
conducted using an inoculum that had been grown previously in
biotite-nitrate medium (Fig. 3). Approximately 3 mmol/liter
Fe(II) was oxidized in 10 days as measured by both 0.5 M HCl

extraction and HF extraction, which corresponded to about 5% of
the total Fe(II) content of the mineral suspension. Consumption
of nitrate (ca. 0.4 mM) and an increase in the cell density (5.4 �
107 cells/ml) took place in conjunction with Fe(II) oxidation. The
ratio of nitrate reduced to Fe(II) oxidized was 0.13, similar to that
observed in the experiments shown in Fig. 1. The cell yield was
1.8 � 107 cells per �mol of Fe(II) oxidized, similar to the yields in
the first experiments with Bancroft biotite and Murray biotite
(Fig. 1) and to cell yields determined previously for this (7, 11, 17)
and other (19, 30) known neutrophilic Fe(II)-oxidizing bacteria.
Mössbauer spectroscopy provided independent confirmation of
structural Fe(II) oxidation in microbially oxidized biotite (Fig.
4A). Modeling of the room temperature spectra (see Fig. S1 and
Table S1 in the supplemental material) suggested ca. 6% oxida-
tion, in a good agreement with the chemical extraction data.

Mineralogical changes in microbially oxidized biotite. Previ-
ous observations of biotite weathering in nature state that Fe(II)
oxidation in biotite should result in decreases in K and Fe contents
and a shift in the unit cell b dimension toward dioctahedral levels
(26). The expulsion of some K and Fe from the structure is caused
by the positive charge excess in the octahedral sheet when struc-
tural Fe(II) is oxidized to Fe(III). The increase in the structural
Fe(III) content of weathered biotite results in a gradual transfor-
mation of the trioctahedral sheet of biotite (characterized by a
higher unit cell b dimension) into a dioctahedral sheet (character-
ized by a lower unit cell b dimension). In addition, the partial
conversion of a tri- to a dioctahedral structure can be accompa-
nied by distortion of the tetrahedral sheet configuration from a
hexagon-like ring to a di-trigonal ring (3), resulting in stacking
disorder.

To test if these phenomena occurred in our system, the time
course of K and Fe in the liquid phase of growing biotite cultures
was examined by ICP analysis, and the solid phase of grown biotite
cultures was examined by high-resolution TEM and X-ray diffrac-
tion. A small release of K (ca. 5 �mol/liter) above the background
in sterile controls was detected in the liquid phase of the microbi-
ally oxidized biotite slurries (Fig. 3). No aqueous Fe (ICP analysis;
detection limit, � 0.05 �M; data not shown) was detected at any
time in either inoculated or sterile suspensions. However, nano-
meter size particles were found along the edges of the surface steps

FIG 3 Growth of the Straub culture with biotite as the sole source of energy
and nitrate as the electron acceptor. Each datum point represents the mean of
triplicate cultures.

FIG 4 Mössbauer and XRD spectra of control versus microbially oxidized biotite. (A) Room temperature Mössbauer spectra of the control (blue) versus
microbially oxidized (red) biotite; (B) quadrupole splitting distributions of Fe(III) sites; (C) 060 XRD peaks. Note the d060 spacing change from 1.542 Å to 1.539
Å in the microbially oxidized sample (see Fig. S3 in the supplemental material for overall XRD patterns).
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of the microbially oxidized biotite (Fig. 5B and C). X-ray EDS
demonstrated that the area at the edges of the microbially oxidized
biotite were enriched in Fe compared to the bulk mineral substrate
(Fig. 5D), suggesting that the linear dots visible in Fig. 5B and C
are early-stage amorphous Fe(III) oxyhydroxides. Under the cir-
cumneutral pH conditions of our cultures, any Fe released from
the biotite structure would be expected to precipitate immediately
as an insoluble Fe(III) oxyhydroxide phase. Two potential mech-
anisms of Fe release from the biotite structure can be envisioned.
One is that culture does not produce any Fe-complexing agents
and Fe is expelled from the biotite structure as a result of the
positive charge excess in the octahedral sheet when structural
Fe(II) is oxidized to Fe(III) (by a solid-state mineral transforma-
tion process) (26). Another potential mechanism is that some Fe is
solubilized and reprecipitated by the culture in close association
with biotite particles. In this case, no soluble Fe would be detected
in solution as well. We cannot distinguish between these two
mechanisms with the available data, but this represents an impor-

tant next step in understanding both the fundamental mechanism
of enzymatic oxidation of biotite (see below) and the contribution
of enzymatic Fe(II) oxidation to biotite weathering in nature.

It was more common to see stacking disorder (streaks in the
Fourier transform pattern) in microbially oxidized biotite than in
unoxidized biotite (Fig. 5E and F). X-ray diffraction analysis of
microbially oxidized versus unoxidized biotite (Fig. 4D) showed a
slight shift of the 060 diffraction peak toward a higher angle cor-
responding to a decrease in d060 spacing and the unit cell b dimen-
sion due to Fe(II) oxidation and partial release of Fe. This shift is
consistent with an observed broadening of the arbitrary quadru-
pole splitting distribution of the Mössbauer Fe(III) doublet upon
oxidation (Fig. 4B), which implies redox-induced changes in local
symmetries of biotite (21). The liquid He temperature Mössbauer
spectral features of the control biotite are in good agreement with
a prior Mössbauer analysis of biotite that showed Fe(III) sextets as
well as peaks attributable to magnetically ordered Fe(II) and para-
magnetic Fe(III) and Fe(II) (see Fig. S2 in the supplemental ma-

FIG 5 TEM analysis of control versus microbially oxidized biotite. Shown are bright-field TEM images of the clean biotite plate surface in the control (A) and
spotty amorphous Fe(III) oxyhydroxide precipitates along the surface steps and edge of a microbially oxidized sample (B, C). Also shown are X-ray EDS spectra
(D) showing Fe enrichment [as indicated by the Fe/(Si�Al) atomic ratio] from a Fe(III) oxyhydroxide precipitate on the microbially oxidized biotite surface
(lower spectrum) compared to a neighboring area without precipitates (upper spectrum). HTEM images and Fourier transform patterns indicate stacking
disordering in the microbially oxidized biotite plates (E) and an ordered stacking structure in the control (F) based on streaking or sharp non-00l spots in the
inserted Fourier transform patterns. The two arrows in panel E indicate Fe(III) oxyhydroxide precipitate on the biotite surface.
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terial) (21). The relatively greater contribution of sextet B in the
microbially oxidized sample than in the control confirmed Fe(II)
oxidation, in agreement with the room temperature data. The
nature of sextet B and its quantitative contribution to the overall
liquid He spectrum, however, are not certain. The detection by
TEM of small amounts of Fe-enriched nanosized particles along
the edges of the microbially oxidized biotite (Fig. 5B) suggests that
the sextet B peaks could be due to nanoparticulate Fe(III) oxyhy-
droxide. In light of the small percentage of Fe(II) oxidation, how-
ever, a distinct contribution of these peaks to the overall spectrum
would not be expected, and the sextet B peaks cannot be unequiv-
ocally assigned to Fe(III) oxyhydroxide.

Mechanism of Fe(II) oxidation in biotite. Although the min-
eralogical and chemical analyses clearly demonstrated that oxida-
tion of structural Fe(II) in biotite took place, the mechanism
whereby the Straub culture oxidized structural Fe(II) cannot be
precisely defined. A few basic scenarios can be envisioned, as illus-
trated in Fig. 6. One is a direct enzymatic attack (Fig. 6A), e.g.,
extracellular solid-phase electron transfer analogous to that in-
volved in neutral-pH microbial reduction of insoluble Fe(III) ox-
ides and Fe(III)-bearing phyllosilicates (14). A second is indirect
oxidation through dissolution (e.g., through the production of
Fe-complexing agents, as mentioned above in the context of Fe
mobilization from the biotite structure), followed by electron
transfer between Fe(III) in solution and solid-phase Fe(II) (Fig.
6B) (35). Another possibility is that once coatings of nanoparticu-
late Fe(III) oxide form on biotite, the surface-bound Fe(III) atoms
function in a manner analogous to Fe(III) in solution. In this case,
the cells would attack the biotite indirectly through oxidation of
the sorbed Fe(II) that was produced as a result of electron ex-

change between surface Fe(III) and structural Fe(II) in the biotite
(Fig. 6C). An analogous process (albeit in the opposite direction in
terms of the flow of electrons) was recently described for the in-
teraction between Fe(II) sorbed on the surface of Fe(III)-bearing
smectite, where the sorbed Fe(II) was shown to transfer electrons
to the underlying structural Fe(III) (24). It is important to empha-
size that the processes depicted in Fig. 6 are ones that occur prior
to the Fe/K expulsion and associated mineral transformation re-
actions that take place subsequent to Fe(II) oxidation, i.e., the
well-known pathways of oxidative biotite weathering at neutral
pH (37).

In nature, direct Fe(II) oxidation is likely to take place in cir-
cumneutral, low-organic-matter subsurface environments, such
as deep granitic aquifers. In contrast, the indirect dissolution-
based mechanism (24, 35) is likely to be important at subneutral
pH or in the presence of Fe(III)-binding ligands, i.e., conditions
typical of surface soils (including the plant rhizosphere).

Implications for granitic rock weathering. The well-known
modes of microbial mediation of biotite weathering, including
production of acids and ligands and cation uptake (29), are re-
stricted to photosynthetically driven, organic-rich environments,
such as lichen-colonized exposed rocks and the plant rhizosphere
(4). However, the vast majority of environments where biotite
oxidative weathering takes place are not directly supported by
photosynthesis. A key example is subsurface regolith formation
from granitic rocks (9, 13), where inputs of organic matter are
orders of magnitude lower than in near-surface environments
(10).

Although caution is required in extrapolating the results of our
short-term laboratory experiments with ground and autoclaved
biotite to processes that occur in granitic aquifers (12, 28), the
ability of a lithotrophic culture to use structural Fe(II) in biotite as
an electron donor suggests a mechanism by which lithotrophic
microbial communities in the deep subsurface could sustain
themselves in the absence of major photosynthetically derived
carbon input. Pedersen (20) proposed that the granitic biosphere
is fueled by hydrogen that supports the growth of methanogenic
and acetogenic organisms as primary producers in this ecosystem.
Despite the fact that members of the family Gallionellaceae have
been repeatedly documented in granitic aquifers (1, 20, 23), struc-
tural Fe(II) in primary phyllosilicates was believed to be refractory
and has not been previously considered a potential electron donor
for microbial metabolism. The results of our study suggest that
lithotrophic microorganisms capable of oxidizing structural
Fe(II) in biotite could serve as an alternative energetic base of a
granitic microbial ecosystem when oxygen or nitrate is available as
an electron acceptor. This situation would represent a terrestrial
analog to reduced Fe-based chemolithoautotrophic microbial
communities that inhabit basalt rock environments on the
seafloor (25).

Implications for biotite weathering in the rhizosphere. The
results of this study also suggest an additional mechanism of mi-
crobial biotite weathering in the rhizosphere, an ecologically im-
portant process that contributes to soil formation and provides K
and Fe for plant nutrition. The accepted model of biotite weath-
ering in the rhizosphere is proton attack as a result of microbial
production of organic and inorganic acids (8), followed by re-
moval of the products of weathering (cations dissolved from the
mineral) by the production of complex-forming agents (organic
acids, EPS, siderophores) and/or by cellular cation uptake (34).

FIG 6 Conceptual models of potential mechanisms of biotite oxidation by the
Straub culture (cells are depicted as ovals). (A) Direct enzymatic attack, e.g.,
extracellular solid-phase electron transfer analogous to that involved in neu-
tral-pH microbial reduction of insoluble Fe(III) oxides; OMP represents an
outer membrane protein involved in electron transfer. (B) Indirect oxidation
through dissolution followed by electron transfer between Fe(III) in solution
and structural Fe(II) in biotite. (C) Indirect oxidation in which surface-bound
Fe(III) atoms [Fe(III)s] function in a manner analogous to Fe(III) in solution,
leading to the formation of sorbed Fe(II) [Fe(II)s] produced through electron
exchange between surface Fe(III) and the structural Fe(II) in biotite.
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Instead of or in addition to proton attack, microbial Fe(II) oxida-
tion could accelerate the initial step in the weathering process.
Studies of biotite weathering under organic-rich conditions typi-
cal of the rhizosphere, in the presence and absence of structural
Fe(II)-oxidizing microorganisms, are required to evaluate the po-
tential significance of this phenomenon.
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